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Many chemica l  and energy  c o n v e r s i o n  p r o c e s s e s  i n v o l v e  mul t i -phase  f e e d  o r  product  
s t r e a m s .  S t reams can c o n s i s t  of m i x t u r e s  of s o l i d s ,  l i q u i d s  and g a s e s  and i n  some 
c a s e s ,  t h e  i m p o r t a n t  s p e c i e s  may be i n  t r a n s i t i o n  between phases  (e.g. l i q u i d  f u e l  
combust ion which i n v o l v e s  l i q u i d  f u e l d r o p l e t s ,  v a p o r i z e d  f u e l  and soot ) .  P r o c e s s  
monitoring requires  the measurement of parameters f o r  the separa te  phases. There a r e  
requirements f o r  monitoring feedstocks and samples of the  process s t ream a s  wel l  as 
f o r  in -s i tu  monitoring. Fourier  Transform I n f r a r e d  (FT-IR) a b s o r p t i o n  s p e c t r o s c o p y  
has been used previously a s  an in-s i tu  d iagnos t ic  f o r  both gas spec ies  concentrat ion 
and g a s  t e m p e r a t u r e  d e t e r m i n a t i o n s  (1-9). This  paper  d e s c r i b e s  a new method be ing  
developed f o r  on- l ine ,  i n - s i t u  m o n i t o r i n g  of p a r t i c l e  s t r e a m s  t o  d e t e r m i n e  t h e i r  
chemical composition, s ize ,  and temperature. The technique uses a FT-IR spectrometer  
t o  per form both  e m i s s i o n  and t r a n s m i s s i o n  (E/T) s p e c t r o s c o p y  f o r  a s t r e a m  of 
p a r t i c l e s .  The t e c h n i q u e  h a s  been a p p l i e d  t o  measure p a r t i c l e  p r o p e r t i e s  under  a 
v a r i e t y  of c i r c u m s t a n c e s  and s e v e r a l  examples  a r e  p r e s e n t e d  f o r  measurements  of 
temperature, composition and size. 

The method w a s  employed t o  address  a controversy concerning coa l  o p t i c a l  p roper t ies  
recent ly  ra ised by Brewster and Kunitomo (10). Their recent  measurements suggest tha t  
previousdeterminations f o r  coa l  of the  imaginary par t  of the index of r e f r a c t i o n ,  k, 
may be too high by an order  of magnitude. I f  so, the ca lcu la ted  coa l  e m i s s i v i t y  based 
on t h e s e  v a l u e s  w i l l  a l s o  be t o o  high. The E / T  t e c h n i q u e  was employed t o  d e t e r m i n e  
d i r e c t l y  the s p e c t r a l  emit tance,  €9, of coal  and char p a r t i c l e s  as  a func t ion  of coal  
rank ,  e x t e n t  of p y r o l y s i s  and t e m p e r a t u r e .  For  one c o a l ,  t h e  measured s p e c t r a l  
emit tance was compared wi th  a ca lcu la ted  value obtained from the m a t e r i a l ' s  complex 
i n d e x  of r e f r a c t i o n  N 9 n + i k ,  and p a r t i c l e  s i z e ,  u s i n g  Mie theory.  The complex 
i n d e x  Of r e f r a c t i o n  was d e t e r m i n e d  using a n  e x t e n s i o n  of Brewster and Kunitomo's  
method f o r  measuring k. The technique employs KBr and C s I  p e l l e t  spec t ra  and uses 
Mie theory and the Kramers-Kronig t r a n s f  orms-to s e p a r a t e  s c a t t e r i n g  and a b s o r p t i o n  
e f fec ts .  Good agreement has been obtained between the  ca lcu la ted  and measured values 
of ( e v )  confirming the content ion t h a t  previously measured values  of k a r e  too high. 

ExEmRmmAL 

A p p a r a t u s  - The a p p a r a t u s  employed i n  t h e  e x p e r i m e n t s  c o n s i s t s  of an FT-IR 
spectrometer coupled t o  a reac tor ,  such t h a t  the FT-IR focus passes through the  sample 
stream a s  shown i n  Fig. 1. Emission measurements a r e  made with the  movable mir rors  
i n  place. Transmission measurements a r e  made with t h e  movable mirror  removed. The 
Fourier  transform technique, i n  cont ras t  t o  wavelength dispers ive methods, processes 
all wavelengths  of a s p e c t r u m  s i m u l t a n e o u s l y .  For  t h i s  r e a s o n  it c a n  be used  t o  
measure s p e c t r a l  p roper t ies  of p a r t i c u l a t e  flows, which a r e  notor iously d i f f i c u l t  t o  
maintain a t  a constant ra te .  The emission and t ransmission can be measured f o r  the 
same sample volume. The t e c h n i q u e  is e x t r e m e l y  r a p i d ;  a low n o i s e  e m i s s i o n  o r  
t r a n s m i s s i o n  spec t rum a t  low r e s o l u t i o n  (4 cm-l) can  be recorded  i n  under  a second. 
Also rad ia t ion  passing ttyough the i n t e r f e r o m e t e r  i s  a m p l i t u d e  modula ted ,  and only  
such  r a d i a t i o n  i s  d e t e c t e d .  Because of i t s  unmodulated n a t u r e ,  t h e  p a r t i c u l a t e  
emission passing d i r e c t l y  t o  the  de tec tor  does not i n t e r f e r e  wi th  t h e  measurements of 
s c a t t e r i n g  or transmission. 
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I n  a n  i d e a l  e m i s s i o n - t r a n s m i s s i o n  exper iment  bo th  measurements  a r e  made on t h e  
i d e n t i c a l  sample. I n  our  case t h e  emission and t ransmission measurements a r e  made 
s e q u e n t i a l l y  i n  t i m e  a l o n g  t h e  same o p t i c a l  p a t h ,  f o r  a sample  f l o w i n g  through t h e  
cel l  i n  a nominal s teady  condition. 

Measurements  - To d e t e r m i n e  t h e  t e m p e r a t u r e ,  s i z e  o r  c o m p o s i t i o n  of p a r t i c u l a t e  
samples, measurements a r e  made of the t ransmit tance and of the radiance,  from which we 
c a l c u l a t e  a quant i ty  vhich  v e  c a l l  the normalized radiance. The normalized radiance 
i s  t h e  r a d i a n c e  d i v i d e d  by ( 1 - t r a n s m i t t a n c e )  (which i n  t h e  absence  of d i f f r a c t i o n  
e f f e c t s  i s  a measure of i n t e r s e c t e d  p a r t i c l e  surface a rea  f o r  samples whose index of 
r e f r a c t i o n  i s  s u f f i c i e n t l y  d i f f e r e n t  from the  surrounding medium). This normalizat ion 
al lows the radiance from p a r t i c l e s  which f i l l  only a f r a c t i o n  of the  FT-IR aper ture  t o  
be compared t o  a black-body s tandard obtained f o r  the  f u l l  aperture. 

The t r a n s m i t t a n c e , r y  , a t  wavenumber 9 ,  is measured i n  the usual  way 

%= I,, iIov (1)  

where Io, i s  t h e  i n t e n s i t y  t r a n s m i t t e d  through t h e  c e l l  i n  t h e  a b s e n c e  of sample ,  
while  I g i s  t h a t  t r a n s m i t t e d  wi th  the sample stream i n  place. The geometry f o r  the 
t r a n s m i t t a n c e  measurement  i s  i l l u s t r a t e d  i n  Fig. 2. With a p a r t i c l e  i n  t h e  f o c a l  
volume, energy i s  t a k e n  o u t  of t h e  i n c i d e n t  beam by a b s o r p t i o n  and s c a t t e r i n g .  The 
f i g u r e  i l l u s t r a t e s  s c a t t e r i n g  by r e f r a c t i o n  of  energy  a t  t h e  p a r t i c l e s  s u r f a c e s .  
Sca t te r ing  w i l l  a l s o  be caused by r e f l e c t i o n  and d i f f rac t ion .  For p a r t i c l e s  > 50km 
whose index  of r e f r a c t i o n  is s u f f i c i e n t l y  d i f f e r e n t  f rom t h e  s u r r o u n d i n g  medium, 
almost a l l  the energy i n c i d e n t  on t h e  p a r t i c l e  is absorbed o r  scat tered.  

To measure the sample radiance,  the  power from the  sample with background subtracted,  
S v ,  i s  measured, and converted t o  the  sample radiance, R v ,  i n  the fol lowing way 

where W y  is the  instrument  response funct ion measured using a cavi ty  radiator .  The 
radiance measurement d e t e c t s  both rad ia t ion  emit ted by t h e  p a r t i c l e  i t s e l f ,  a s  w e l l  as 
w a l l  r ad ia t ion  s c a t t e r e d  o r  r e f r a c t e d  by the p a r t i c l e  a s  i l l u s t r a t e d  i n  Fig. 2. 

We c a l c u l a t e  t h e  n o r m a l i z e d  r a d i a n c e  (which w e  r e f e r  t o  a s  t h e  E / T  s p e c t r a ) .  R", i n  
t h e  following way, 

The complete a n a l y s i s  f o r  the  normalized emission w i l l  be presented elsewhere (11). 
For t h i s  d i scuss ion  w e  consider  t h e  l i m i t  where p a r t i c l e s  a r e  s u f f i c i e n t l y  l a r g e  t h a t  
t h e y  e f f e c t i v e l y  b l o c k  a l l  t h e  r a d i a t i o n  i n c i d e n t  on them, and t h e i r  d i f f r a c t i o n  
p a t t e r n  f a l l s  completely w i t h i n  t h e  angular acceptance aper ture  of the  spectrometer. 
Then the normalized rad iance  has  t h e  simple form, 

b where G v i s  the  s p e c t r a l  emi t tance  and R$T,) and Ry(Tp) a r e  t h e  t h e o r e t i c a l  black- 
body c u r v e s  c o r r e s p o n d i n g  t o  t h e  t e m p e r a t u r e  of t h e  w a l l  (Tu) and p a r t i c l e  (Tp), 
respect ively.  This  e q u a t i m  w i l l  be used i n  the discussion of r e s u l t s  t o  follow. 

RXSULTS 

TempeKatUKe and E m i s s i v i t y  - To i l l u s t r a t e  t h e  measurements .  we c o n s i d e r  s e v e r a l  
s imple cases. F i r s t  we consider  hot  p a r t i c l e s  such a s  coa l  o r  char  surrounded by cold 
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W a l l s  ( T p > >  Tw). Then according t o  Eq. 4, 

If T is  known, then E v c a n  be determined and vice-versa. 

The f i r s t  example is f o r  c h a r  under  c o n d i t i o n s  where t h e  p a r t i c l e s  f i r s t  r e a c h  
e q u i l i b r i u m  w i t h  a h e a t e d  t u b e  r e a c t o r  (ETR) and t h e n  ex i t  t h e  r e a c t o r  and  p a s s  t h e  
PT-IR aperture. The reac tor  has been described previously (12-14). The gas-par t ic le  
mixture cools  about 75% between the reac tor  and the  FT-IR focus a s  determined wi th  a 
thermocouple  (14). I n  Pig. 3 we show t h e  r a d i a n c e ,  (R,,), 1- t r a n s m i t t a n c e .  (l-T,), 
and the  normalized radiance, (R% ), from char  emerging from the HTR a t  a temperature 
of 983 K. (1-7~) is a measure of t h e  i n t e r s e c t e d  s u r f a c e  a r e a  of p a r t i c l e s ,  i.e., 4% 
of t h e  beam i s  blocked. The n o r m a l i z e d  r a d i a n c e  i s  compared w i t h  a number of g r e y  
body c u r v e s  a t  d i f f e r e n t  v a l u e s  of  c o n s t a n t  E .  6 - 0.87 c u r v e  a t  1000 K g i v e s  
bes t  f i t  wi th  the  experimental  data. The temperature is i n  good agreement with the  
thermocouple measurement. 

The second example is f o r  l i g n i t e  p a r t i c l e s  a t  a t e m p e r a t u r e  of 7 8 2  K. b e f o r e  any 
pyrolysis  has  occurred. The normalized radiance spectrum i n  Fig. 4a is compared t o  a 
grey-body ( e =  .90) a t  t h e  a v e r a g e  thermocouple  t e m p e r a t u r e  of 782 K. Whi le  t h e  
previously formed char  shows a grey-body shape c lose  t o  the  average temperature, the 
l i g n i t e  does not have a grey-body shape. The black-body and experimental  curves a r e  
c l o s e  only  i n  t h e  range1600-1000 cm-1 v h e r e  t h e  e m i s s i v i t y , c a l c u l a t e d  from Eq.5, 
( P i g  4b) is c l o s e  t o  0.9. These and o t h e r  measurements  (12-16) show t h a t  t h e  
p a r t i c l e ' s  e m i s s i v i t y  is s i z e  and t e m p e r a t u r e  dependent. For  t h e  s i z e  of c o a l  
p a r t i c l e s  u s e d  h e r e ,  o n l y  s p e c i f i c  b a n d s  b e t w e e n  1 6 0 0  cm-l a n d  1000 cm-l 
(corresponding t o  t h e  s t ronges t  absorpt ion bands i n  coal)  have a s p e c t r a l  emit tance 
n e a r  0.9. 

The r e s u l t  can be understood by considering t h a t  a p a r t i c l e ' s  emit tance is r e l a t e d  t o  
i t s  absorbance.  By K r i c h o f f ' s  l a w ,  p a r t i c l e s  w i l l  e m i t  o n l y  where t h e y  have 
absorpt ion bands. As  discussed by I io t te l  and Sarofim (17), f o r  l a r g e  p a r t i c l e s  (where 
d i f f r a c t i o n  can be neglected) the  absorpt ion can be ca lcu la ted  from geometr ical  o p t i c s  
c o n s i d e r i n g  a l l  p o s s i b l e  r a y s  through t h e  p a r t i c l e s .  The a b s o r p t i o n  w i t h i n  t h e  
p a r t i c l e  can be ca lcu la ted  using absorbance values measured by the  KBr p e l l e t  method 
(15,18). F i g u r e  4 c  shows t h e  absorbance  measured by t h e  K B r  p e l l e t  method. The 
correspondence between t h e  high absorbance bands and the  regions of high emiss iv i ty  
a r e  apparent. The most s i g n i f i c a n t  d i f fe rence  between the  spec t ra  of Pigs. 4a and 4c 
is the  presence of a s teeply  s loping background going toward la rge  wavenumbers i n  the  
p e l l e t  spec t rum (Fig. 4c) and i t s  absence  i n  t h e  e m i t t a n c e  spec t rum (Pig. 4b). The 
p e l l e t  spectrum i s  from a t ransmission measurement which does not d i s t i n g u i s h  between 
the  absorpt ion and s c a t t e r e d  components of the  t o t a l  c ross  section. This  problem i s  
t rea ted  i n  the sec t ion  on Calculated Emissivity. 

The emit tance v a r i e s  wi th  p a r t i c l e  s i z e  as shown i n  Pig. 5. 
particle s i z e s  and approaches the  black-body curve f o r  l a r g e  s i z e  par t ic les .  

The s p e c t r a l  emit tance v a r i e s  with rank a s  shown i n  Fig. 6. The s t ronges t  f e a t u r e  i s  
the  emit tance above 1700 wavenumbers which increases  above 90% carbon. The increase 
i n  emit tance above 90% carbon is cons is ten t  with a corresponding increase  i n  the broad 
s l o p i n g  absorbance  observed  i n  KBr p e l l e t  s p e c t r a  f o r  h igh  carbon c o a l s .  T h i s  
absorbance  is b e l i e v e d  t,o be due t o  e l e c t r o n i c  a b s o r p t i o n  of m u l t i - r i n g  a r o m a t i c  
hydrocarbons (19). The Emit tance of a n t h r a c i t e  is c lose  t o  grey body. The s p e c t r a l  
emit tance v a r i a t i o n  with rank is cons is ten t  wi th  the  func t iona l  group v a r i a t i o n  vith 
rank. 

P 

The 

R t i s  s m a l l e s t  f o r  smal l  
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Having demonst ra ted  t h a t  t h e  F IR method d e s  g i v e  a n  a p p r o p r i a t e  t e m p e r a t u r e  
a s s u m i n g e Z O . 9  in t h e  1600 cm-l-to 1000 cm-' r e g i o n ,  t h e  t e c h n i q u e  was used  t o  
d e t e r m i n e  p a r t i c l e  t e m p e r a t u r e s  f o r  non- i so thermal  c o n d i t i o n s  i n  t h e  HTR r e a c t o r  
(13,14). Figure 7 shows the  E/T spec t ra  f o r  increasing t i m e  i n  t h e  reactor .  The 
FT-IR temperatures a r e  i n  good agreement (wi th in  25%) with ca lcu la ted  temperatures 
and temperatures measured wi th  a thermocouple (14). 

We can a l so  observe i n  Fig. 7, changes in emit tance of p a r t i c l e s  a s  a func t ion  of the 
ex ten t  of pyrolysis. A t  883 K a l l  the  bands present  i n  coa l  can be seen, except t h a t  
the hydroxyl peak is not iceably  depleted. A t  963 K a broad continuum, c h a r a c t e r i s t i c  
of char ,  is beginning to  grow. By 1050 K we see almost a grey-body continuum with CO2 
and H20 peaks superimposed.  From t h e  s p e c t r a  d i s c u s s e d  so f a r  we c a n  say  t h a t  t h e  
s p e c t r a l  e m i t t a n c e  of  l i g n i t e  of t h i s  s i z e  range  i n c r e a s e s  c o n t i n u o u s l y  w i t h  
p y r o l y s i s ,  r e a c h i n g  a c o n s t a n t  maximum of about  0.9 when p y r o l y s i s  is s e n s i b l y  
complete. The  r e l a t i o n s h i p  of t h e  development of the continuum char spectrum wi th  the 
ex ten t  of pyro lys i s  w i l l  be t h e  subjec t  of a f u t u r e  invest igat ion.  

The o ther  examples a r e  from a reac tor  where the  p a r t i c l e s  a re  surrounded by hot walls. 
For the  case where t h e  p a r t i c l e s  a r e  a t  w a l l  temperature, T = Tu, Eq. 4 reduces to  P 

F i g u r e  8a d i s p l a y s  RQ in one such  case .  In t h i s  c a s e  w e  d o n ' t  have  t o  i n c l u d e  
p a r t i c l e  emittance in t h e  ana lys i s .  a s  it can be shown and Eq. 6 ind ica tes ,  t h a t  any 
lack of emittance must be made up by sca t te red  and r e f l e c t e d  radiat ion.  Indeed, the  
normalized emission i s  c lose  i n  shape and amplitude t o  a black-body a t  the measured 
window he ight  w a l l  t e m p e r a t u r e  (1225 K). The d e t e r m i n a t i o n  of T when T i s  of t h e  
same order  of magnitude a s  Tu requi res  a knowledge of & a t  some wa$enumberPand use of 
the  complete express ion  f o r  (Eq. 4). Examples a r e  discussed in re ference  (11). 

Two addi t iona l  examples a r e  shown f o r  the  case T << Tu. Then Eq. 4 reduces t o  P 

R: = (1- R ~ T ~ )  (7 )  

F i g u r e  8b i s  f o r  KC1. a non-absorb ng p a r t i c l e  and Fig.  8 c  is f o r  c o a l  which a b s o r b s  

body curve  a t  t h e  w a l l  t e m p e r a t u r e  of  1060 K. The E / T  spec t rum of t h e  c o a l  sample 
matches t h e  w a l l  black-body i n  regions where t h e  c o a l  is t ransparent  (Le., E&O) but 
is 1 w e r  where the  coa l  has absorpt ion bands. We can determine the emiss iv i ty  e = 1- 
Rn/R (Tu) from these spectra .  The emiss iv i ty  f o r  t h e  l i g n i t e  of Fig. 8c  is shown in 
Fig. 8d. When compared t o  t h e  e m i t t a n c e  f o r  t h e  same c o a l  a t  1 8 2  K i n  Fig. 4b. t h e  
most s i g n i f i c a n t  d i f f e r e n c e  i s  t h e  l a r g e r  hydroxyl  band a t  low t e m p e r a t u r e s  due t o  
hydrogen bonding. 

Composi t ion - A s  i l l u s t r a t e d  in Fig. 2b, t h e  n o r m a l i z e d  r a d i a n c e ,  R:, is t h e  w a l l  
r a d i a n c e  R%Tw) a t t e n u a t e d  o v e r  t h e  chord  d a t  t h e  p a r t i c l e ' s  absorbance  bands. We 
can ,  t h e r e f o r e ,  use  RQ (e.g., Fig.  8 c )  t o  o b t a i n  t h e  absorbance  of t h e  p a r t i c l e  i f  we 
know t h e  average  c h o r d  l e n g t h ,  d. T h i s  has  been done us ing  a r a y  o p t i c s  model and a 
computed probabi l i ty  dens i ty  func t ion  P(d) f o r  a l l  poss ib le  chords d. A more de ta i led  
discussion w i l l  be presented elsewhere (20). Figure 9 shows a comparison between the 
absorbance spec t ra  obtained f o r  the  same coa l  by three  methods: a) a quant i ta t ive  
spectrum (Le. f o r  a known sample densi ty)  of a f i n e l y  dispersed coa l  in a pressed KBr 
p e l l e t ;  b) a non-quantit;jtive photoacoustic spectrum f o r  f i n e  p a r t i c l e s  suspended on a 
t h i n  membrane (21); a n d  c) a q u a n t i t a t i v e  E / T  "absorbance" s p e c t r u m  c o n s i d e r e d  t o  

in s p e c i f i c  bands. By Eq. 7 ,  Rn = R t (Tu) f o r  K C 1 ,  s i n c e  e = 0. Rn matches  t h e  black-  

g 
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a r i s e  from the  black-body furnace spectrum being a t tenuated  by t h e  p a r t i c l e  over some 
ef fec t ive  sample thickness  r e l a t e d  t o  the  shape and s i z e  of the par t ic le .  The d e t a i l s  
Of t h e  a n a l y s i s  t o  o b t a i n  t h e  EfT absorbance  s p e c t r a  from t h e  E f T  s p e c t r a  are 
discussed i n  (20). 

The spec t ra  have a number of s i m i l a r i t i e s  and differences.  To compare t h e  spec t ra ,  it 
should be noted t h a t  the  KBr p e l l e t  absorbance spectrum i s  the sum of absorpt ion plus  
a s loping background due mostly t o  s c a t t e r i n g  of radiat ion.  The KBr p e l l e t  spectrum 
a l s o  has  d i s t o r t i o n  of the bands (a d i p  a t  t h e  high wavenumber s i d e  of the  band and a 
s l o p i n g  t a i l  a t  t h e  low wavenumber s i d e  of t h e  band) due t o  t h e  C h r i s t i a n s e n  e f f e c t  
(22). This e f f e c t  i s  caused by v a r i a t i o n  i n  t h e  r e a l  p a r t  of t h e  index of r e f r a c t i o n  
n e a r  t h e  a b s o r p t i o n  b a n d ,  w h i c h  e f f e c t s  t h e  s c a t t e r i n g  c o n t r i b u t i o n .  The 
photoacoustic spectrum i s  f r e e  of the  s c a t t e r i n g  and Chris t iansen e f f e c t s ,  but i s  non- 
q u a n t i t a t i v e  and a p p e a r s  t o  be more s e n s i t i v e  t o  m i n e r a l  components t h a n  t o  t h e  
o r g a n i c  components. On t h e  o t h e r  hand, t h e  E I T  absorbance  s p e c t r a  i s  f r e e  from 
s c a t t e r i n g  and band d i s t o r t i o n s  and appears i n  reasonable  q u a n t i t a t i v e  agreement wi th  
the absorpt ion component of the  KBr p e l l e t  spectrum. 

- Sire - Size  information can be obtained from the  (1-7) or R$ spectra. Figure 5 shows 
the increase i n  the  emiss iv i ty  with p a r t i c l e  s i z e ,  espec ia l ly  i n  the region above 1700 
wavenumbers. The a v e r a g e  p a r t i c l e  s i z e  c a n  be  d e t e r m i n e d  from R% i f  t h e  complex 
index  of r e f r a c t i o n  of t h e  m a t e r i a l  i s  known. A l t e r n a t i v e l y ,  (1- 7) c o n t a i n s  s i z e  
information f o r  p a r t i c l e s  with D<80 k m .  For example (1-7) i n  Fig. 3b increases  a t  
low wavenumbers ( l o n g  wavelengths)  due t o  d i f f r a c t i o n  e f f e c t s .  The shape  may be 
c a l c u l a t e d  u s i n g  Rayle igh  t h e o r y  f o r  l a r g e  p a r t i c l e s  (23)  o r  Mie t h e o r y  f o r  s m a l l  
p a r t i c l e s  (24). While  t h e  e f f e c t  i s  s m a l l  f o r  p a r t i c l e s  n e a r  80 ,Am d i a m e t e r ,  t h e  
d i f f r a c t i o n  e f f e c t  increases  a s  the  p a r t i c l e s  decrease i n  s ize ,  and i s  very s e n s i t i v e  
to  s i z e  i n  the 1-30 ,&m range. 

cxLcuLKm gMSSIVIry 

The determinat ion of s p e c t r a l  emit tance Is important f o r  two reasons. The f i r s t  is  
t h a t  knowledge of the s p e c t r a l  emit tance i s  necessary f o r  the  measurement of particle 
tempera tures .  The second i s  t h a t  t h e  s p e c t r a l  e m i t t a n c e  or  t h e  e m i s s i v i t y  ( t h e  
average emit tance over a l l  wavelengths) must be known t o  c a l c u l a t e  both t h e  r a t e  of 
p a r t i c l e  heatup and t h e  r a d i a t i v e  energy re leased  by the p a r t i c l e  during g a s i f i c a t i o n  
or  combustion. For smal l  p a r t i c l e s ,  the s p e c t r a l  emit tance i s  usua l ly  not  measured. 
Rather ,  i t  is c a l c u l a t e d  u s i n g  t h e  complex i n d e x  of  r e f r a c t i o n ,  N - n + i k ,  f rom t h e  
s t a n d a r d  e q u a t i o n s  of  e l e c t r o m a g n e t i c  theory .  For s p h e r i c a l  p a r t i c l e s  t h e s e  
ca lcu la t ions  a r e  performed using Mie theory. 

Unfortunately, some controversy surrounds the  value of k f o r  coal. The problem was 
recent ly  considered by Brevster  and Kunitomo (10). Large v a r i a t i o n s  i n  t h e  value of k 
have been r e p o r t e d  i n  t h e  l i t e r a t u r e  r a n g i n g  from l e s s  t h a n  0.1 t o  more t h a n  0.5. 
Brewster and Kunitomo have suggested t h a t  a poss ib le  reason f o r  these discrepancies  i s  
t h a t  previous measurements of k f o r  coal  using r e f l e c t i o n  measurements were highly 
inaccurate  due to  an inherent  l i m i t a t i o n  i n  t h e  a b i l i t y  t o  ge t  s u f f i c i e n t l y  smooth, 
and homogeneous coa l  surfaces. Using a t ransmission technique f o r  s m a l l  p a r t i c l e s  i n  
KBr, they obtained values  of k which a r e  more than an order  of magnitude lower i n  most 
regions of the  spectrum. I f  the  previously measured values  of k a r e  too high, then 
v a l u e s  of e m i s s i v i t y  based on them a r e  a l s o  t o o  high.  Based on t h e  v a l u e s  of 
emiss iv i ty  presented above, t h i s  i s  indeed t h e  case. 

In t h i s  sect ion,  w e  compare the  measured values  of Cvto predic t ions  of Hie theory. 
For these  ca lcu la t ions ,  t h e  value of n and k were determined using KBr and C s I  p e l l e t  
s p e c t r a  f o r  c o a l ,  i n  a n  e x t e n s i o n  of t h e  method of Brewster and Kunitomo (10). The 
r e s u l t s  confirm the  l o w  values  of k measured by Brewster and Kunitomo. 
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To determine N = n + i k  from p e l l e t  spec t ra  we use H i e  theory and the  Kramers-Kronig 
transform. Mietheory i s  a general  so lu t ion  of Maxwell's equat ions f o r  an isotropiC. 
homogeneouz s p h e r e  of i n d e x  of r e f r a c t i o n  N v  inbedded  i n  a medium of index of 
re f rac t ion  N +  (24). In general ,  t h e  complex index of r e f r a c t i o n  contains  a l l  of the  
electromagnet ic  proper t ies  of the  mater ia l ,  but the  r e a l  and imaginary p a r t s ,  n,, , 
and k 9  , must  be Kramers-Kronig t r a n s f o r m s  of  e a c h  o t h e r  (24). P h y s i c a l l y ,  t h i s  
r e l a t i o n s h i p  a r i s e s  by r e q u i r i n g  c a u s a l i t y ,  Le., t h e  m a t e r i a l  cannot  respond t o  
r a d i a t i o n  u n t i l  a f t e r  t h e  i n c i d e n t  r a d i a t i o n  h i t s  t h e  m a t e r i a l .  In p r a c t i c e ,  we 
determine k,, , perform a Fourier  Transform into t h e  time domain, force  c a u s a l i t y  i n  
t h e  t i m e  domain, and t h e n  t r a n s f o r m  back t o  t h e  f r e q u e n c y  domain t o  o b t a i n  n (25). 
The complete descr ip t ion  of t h e  method w i l l  be the  subjec t  of a f u t u r e  publ icat ion,  
but br ie f ly  our procedure f o r  determining n and k i s  as follows: 1) with t r i a l  values  
of n - no ( a  c o n s t a n t )  and k = 0 and a p a r t i c l e  d i a m e t e r  D,  f o r  c o a l  in K B r ,  we use  
Mie theory t o  c a l c u l a t e  a smooth s c a t t e r i n g  curve. 2)  This s c a t t e r i n g  curve, plus a 
c o n s t a n t  t o  account  f o r  r e f l e c t i o n  from t h e  p e l l e t  s u r f a c e ,  i s  s u b t r a c t e d  from t h e  
experimental spectrum and t h e  r e s u l t  i s  assumed t o  be a pure absorption, A- , where 

4TT k r  volume of coal  
A v  2.3026 7- a r e a  of p e l l e t  

3) C a l c u l a t e  k,, f rom Eq. 8 and u s e  t h e  Kramers-Kronig t r a n s f o r m  t o  d e t e r m i n e  t h e  
c o r r e c t i o n  t o  n. 4) Using t h e s e  v a l u e s  of n, k, and D, Mie t eory  i s  used t o  p r e d i c t  
a C s I  p e l l e t  spectrum. S i n c e  t h e  s c a t t e r i n g  above 4000 em-? depends l a r g e l y  on t h e  
product  (ncoal - nmedium)D, t h i s  4 t h  s t e p  a l l o w s  u s  t o  d e t e r m i n e  D and no. T h i s  
procedure i s  repeated u n t i l  w e  can predic t  both the  KBr and C s I  spec t ra  with the  same 
n, k and D. The r e s u l t s  of t h i s  procedure  a r e  shown i n  Fig.  10. F i g u r e  10a and 10b  
a r e  t h e  K B r  and C s I  p e l l e t  s p e c t r a  f o r  a Montana Rosebud coal .  Values  of no - 1.66 
and D = 2.6 microns were found t o  give reasonable f i t s  t o  t h e  data. Figure 1Oc shows 
the  calculated n and k; and Pig. 10d shows t h e  absorbance due t o  k (which now depends 
o n l y  on t h e  c o a l ,  n o t  t h e  p e l l e t  m a t e r i a l ) .  F i g u r e s  10a  and 1 0 b  a l s o  show t h e  
calculated s c a t t e r i n g  cont r ibu t ion  t o  the absorbance spectrum (which depends on the  
difference between t h e  n f o r  the  coal  and medium). The s t r u c t u r e  i n  the  s c a t t e r i n g  
curves i s  t h e  Chris t iansen e f f e c t ,  and as  can be seen from Figs. 10a and lob,  it i s  in 
t h e  opposite d i r e c t i o n  f o r  the  KBr and C s I  pe l le t s .  Figure 10d shows the  calculated 
t o t a l  spectrum f o r  the  C s I  p e l l e t  which i s  the sum of the  absorpt ion and s c a t t e r i n g  
comparison w i t h  t h e  measured s p e c t r a  (Fig. Lob). The agreement  f a  q u i t e  good, most 
obviously f o r  the  Chr is t iansen  e f f e c t  on t h e  minimum near 1700 cm- . 
For a p a r t i c l e  rad ius  of 25 microns, we use Mie theory wi th  the n v  and k- from Fig. 
1Oc t o  predict  the  emit tance spectrum of cold coal, Fig. 10e. This is compared t o  the 
measured emit tance i n  Fig. 10f. The agreement is good. 
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Figure 1. FT-IR Spectrometer with External 
Cell  o r  Reactor. 

b) 
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"1" 3 

WAVENUMBERS 

Figure 3. a )  Radiance, b) (1-transmittance) 
and c )  Normalized RadianceR/(l-Y) from Char 

Figure 2 .  Measurement Geometry. a )  Gemetry previously formed a t  13OO0C a t  an Asymptotic 
of Transmission Measurement snowing t h e  Incident Tube Temperature of 
Beam Refracted by the Par t ic le  Out of the Beam; Distance. In c )  the Experimental Data is 
b) Geometry of Radiance Measurement showing merlayed by 3 Black-body curves, the 1000 K 
Wall Radiance Refracted through a Par t ic le  to  being the Best Fit. 
the Detector. 

K, 115 cm Reaction 
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Figure 6 .  
a )  Normalized Radiance, b) Spectral  Emittance. 
and c )  KBr P e l l e t  Spectrum. 
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Spectra for Zap North Dakota Lignite  

100 x 170 mesh 

NORTH DAKOTA LIGNITE 
200 x 325 mesh 

NORTH DRKOTA LlGNlTE 

WAVENUMBERS 

Figure 5 .  
Size Fractions of North Dakota L ign i te .  

Normalized Radiance for Different 
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Figure 6.  
Theoret ica l  Grey-body Curves ( 6 =  0 . 9 )  f o r  Coals of Di f ferent  
Rank. 

Comparison of Normalized Emission (Radiance) w i t h  
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